Numerous intrauterine changes take place across species during embryo development. Following fertilization in July/August, the European roe deer (Capreolus capreolus) embryo undergoes diapause until embryonic elongation in December/January. Embryonic elongation prior to implantation is a common feature among ungulates. Unlike many other ruminants, the roe deer embryo does not secrete interferon-tau (IFNτ ). This provides the unique opportunity to unravel IFNτindependent signaling pathways associated with maternal recognition of pregnancy (MRP). This study aimed at identifying the cell-type-specific endometrial gene expression changes associated with the MRP at the time of embryo elongation that are independent of IFNτ in roe deer. The messenger RNA (mRNA) expression of genes known to be involved in embryo-maternal communication in cattle, pig, sheep, and mice was analyzed in laser capture microdissected (LMD) endometrial luminal, glandular epithelial, as well as stromal cells. The mRNA transcript abundances of the estrogen (ESR1), progesterone receptor (PGR), and IFNτ -stimulated genes were lower in the luminal epithelium in the presence of an elongated embryo compared to diapause. Retinol Binding Protein-4 (RBP4), a key factor involved in placentation, was more abundant in the luminal epithelium in the presence of an elongated embryo. The progesterone receptor localization was visualized by immunohistochemistry, showing an absence in the luminal epithelium and an overall lower abundance with time and thus prolonged progesterone exposure. Our data show a developmental stage-specific mRNA expression pattern in the luminal epithelium, indicating that these cells sense the presence of an elongated embryo in an IFNτ -independent manner.
Introduction
Adequate embryonic developmental-stage specific interactions with the endometrium are required to allow successful embryo implantation [1] . Around the time of elongation, physical and chemical properties of the embryo enable an appropriate maternal recognition of pregnancy (MRP). Depending on the species, the MRP is an antiluteolytic or luteotropic mechanism that facilitates the transition from cyclicity to pregnancy, and thus is essential for the maintenance of pregnancy. In cattle and sheep, interferon-tau (IFNτ ) is the major MRP signal, while in pigs, estrogens have most prominently been reported [1] . The perception of the MRP signal results in numerous differentially expressed genes (DEG) in a cell-type-specific manner in the endometrium [2, 3] .
The endometrium in ruminants consists of intercaruncular (icar) endometrium and the caruncles (car). The icar is mainly involved in adapting the microenvironment to the needs of the preimplantation embryo through its secretory activity via endometrial glands, while the car constitute the site of later placentation [4] . The icar endometrium consists of the luminal epithelium (LE), glandular epithelium (GE), and the stroma (STR), whereas the car endometrium is devoid of glands [4] . During preimplantation embryo development, ovarian progesterone (P4) stimulates the secretory function of the endometrial LE and GE. Although the P4 concentration remains high during the luteal phase and early pregnancy in ruminants [5] [6] [7] , the LE and GE gradually loose the expression of the progesterone receptor (PR) from days 12 to 14 onward during both the normal cycle and pregnancy [5] [6] [7] . Upon loss of the PR in the LE and GE, P4 is known to act indirectly via PR expressed on stromal cells and the induction of progestamedins [8] . The function of P4 is essential for successful embryo development and implantation [9] . Irrespective of the species-specific MRP signal, endometrial cell-type-specific gene expression changes have been observed in various species. In the preimplantation mouse endometrium, the LE predominantly expressed lipid-, metal-ion binding-, and carbohydrate-related genes, whereas the GE showed highest gene expression of immune response genes [2] . During the preimplantation phase in sheep, the dynamic gene expression changes in LE and GE underline the importance of investigating MRP as such, and its cell-type-specific perception [3] . The number of expressed genes increased between days 10 and 20 in the LE, whereas the GE showed an increase in the number of expressed genes from day 10 to 14, which decreased from days 14 to 20 [3] . In pregnant sheep, genes involved in cell survival and growth were expressed from days 10 to 14, and genes involved in cell organization and protein synthesis were expressed from days 16 to 20 [3] .
Like in other ungulates, the embryo of the European roe deer (Capreolus capreolus) rapidly elongates prior to implantation. Yet, this only occurs after an obligatory 4-month developmental delay, known as embryonic diapause [10] . Embryonic diapause has been described in over 130 species across several different orders of eutheria [11] . It occurs either obligatory or facultative, is driven by several species-specific stimuli, and the duration ranges from several days to months. The roe deer is the only known ungulate that displays embryonic diapause. Changes between diapause and embryo elongation in uterine fluid constituents have been described, i.e., a rise in hexose, fructose, total protein, αamino nitrogen, and calcium [12] [13] [14] . The corpus luteum remains active during the entire period of embryonic diapause and embryo elongation. We recently focused on P4 secretion specifically during reactivation and did not find any indication thereof [15] . By using a holistic proteomics approach, we have previously shown that the roe deer embryo at diapause faces an environment with high cellular detoxification, and that there is an increased abundance of proliferation-inducing proteins at elongation [16] . During embryo reactivation, no concentration changes have been shown for classical ungulate embryonic MRP signals such as IFNτ , estrogens, or chorionic gonadotropins, and for the maternal signals for embryo reactivation such as prolactin, P4, and estrogens [12] [13] [14] [15] [17] [18] [19] .
To date, the understanding of the regulation of diapause and embryo elongation in roe deer is still limited. It has previously been shown that maternal serum pregnancy-associated glycoproteins (PAG) levels increased after embryo elongation, which was hypothesized to facilitate embryo implantation and was found to cause an increase in maternal 17β-estradiol [17] . We aimed at shedding light on embryo-maternal interactions in roe deer by providing a first insight into endometrial cell-type-specific gene expression changes between diapause and elongation. The roe deer is the only ruminant known not to signal pregnancy via IFNτ [19] . Thus, it serves as model species for ruminants that allows to perceive MRP signaling independent of IFNτ . Thirty-one target genes that have previously been shown to be implicated in the embryo-maternal interaction around the time of embryo elongation in cattle, sheep, pigs, and mice were selected for cell-type-specific mRNA gene expression analyses. The target genes included oxytocin receptor (OXTR), fibroblast growth factor 1 (FGF1), aromatase (CYP19A1), cytochrome P450 family 1 subfamily B member 1 (CYP1B1), cytochrome P450 family 1 subfamily A member 1 (CYP1A1), aldoketo reductase family 1 member B (AKR1B1), interferon regulatory factor 2 (IRF2), ISG15 ubiquitin like modifier (ISG15), MX dynamin like GTPase 1 (MX1), hydroxysteroid 11-beta dehydrogenase 1 (HSD11B1), carbonyl reductase 1 (CBR1), prostaglandin E synthase (PTGES), prostaglandin E receptor 2 (PTGER2), solute carrier family 1 member 5 (SLC1A5), solute carrier family 2 member 1 (SLC2A1), solute carrier family 5 member 1 (SLC5A1), solute carrier family 15 member 3 (SLC15A3), estrogen receptor 1 (ESR1), progesterone receptor (PGR), H3 histone, family 3A (H3F3A), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), vascular endothelial growth factor A (VEGFA), fibroblast growth factor receptor 1 (FGFR1), fibroblast growth factor receptor 2 (FGFR2), TIMP metallopeptidase inhibitor 2 (TIMP2), matrix metallopeptidase 14 (MMP14), matrix metallopeptidase 9 (MMP9), retinol binding protein 4 (RBP4), secreted protein acidic and cysteine rich (SPARC), and heparin binding EGF like growth factor (HBEGF). In this study, we aimed at identifying transcriptional changes associated with the MRP at the time of embryo elongation that are independent of IFNτ in roe deer.
Materials and methods

Sample collection
Roe deer tissue samples (n = 81) were obtained in the course of regular huntings in Switzerland between September and December 2016. Ethical approval was neither required nor available as field sampling was performed from regular huntings, where animals were shot for hunting purposes. Within 2-4 h after the animal was shot, the uterus was collected and the embryos were recovered by uterine flushing with 2.5-ml Phosphate-buffered saline (PBS) and their diameters were determined using a Zeiss SteREO Discovery.V8 microscope, an Olympus SC50 camera, and CellSens software. Approximately 100 mg of tissue samples from car and icar endometrium were collected from each animal, and samples were snap frozen in liquid nitrogen and conserved at −80 • C after maximally 8 h after the animal was shot. The uterine fluid was centrifuged for 10 min at 800× g at 4 • C. The supernatant was snap frozen in liquid nitrogen and stored at −80 • C. For the mRNA expression analysis, animals were randomly selected based on sampling date and a comparable, mean embryo size. To represent the blastocysts, three animals sampled between 29.10.2016 and 08.11.2016 with embryo sizes of 0.84 ± 0.17 mm (mean ± SEM) were selected, and for the elongated embryos, four animals sampled between 02.12.2016 and 28.12.2016 with embryo sizes of 47.14 ± 6.23 (mean ± SEM) were selected. Nineteen uteri collected between September 10 and December 28 covering the different developmental stages, i.e., a blastocyst at diapause and elongated embryos following diapause, were stained against the PR.
Interferon-tau quantification
IFNτ protein was analyzed using an in-house established sandwich ELISA against bovine IFNτ [20] . According to a blast of the bovine genome and roe deer transcriptome, the sequence similarity is about 78%. The deduced protein similarity of the roe deer IFNτ sequence showed between 71 and 78% similarity to bovine. The detection limit of the ELISA was 13 pg/ml. The assay did not cross-react against related bovine interferons (IFNα, IFNβ, and IFNγ ), except for a 4% cross-reactivity against the closest IFNτ relative IFNω [20] . IFNτ was measured in duplicates in 1-10 μl of roe deer uterine fluid [20] .
Laser capture microdissection
Cryosections were prepared for each tissue piece with a Leica CM 1950 Cryotome. Each tissue piece was embedded in optimal cutting temperature compound (OCT compound) (Biosystems, cat. # 3801480S), and sections of 10 μm thickness were cut at a temperature of −25 • C for the cryo chamber and −20 • C for the specimen head. Sections were mounted on 1.0 PEN NF Membrane Slides (Zeiss, cat. # 415190-9081-000) and stained with 1% (w/v) cresyl violet acetate (Sigma Aldrich, cat. # 86098-0) in 50% EtOH. The membrane slide with mounted sections was placed in 70% EtOH for 3 min, dipped twice into 50% EtOH, stained with cresyl violet for 2 min, dipped twice into 50% EtOH, dipped twice into 70% EtOH, dipped twice into 100% EtOH, followed by air-drying at room temperature for 3 min. The stained sections were stored at −80 • C until further processing. The LE, GE, and STR were dissected from the icar endometrium, and the LE and STR were dissected from the car endometrium. To that end, the Carl Zeiss inverse microscope with Excite metal-halide lamp, AxioCam Mrm camera, 355-nm pulsed UV laser, and PALM Robo Release 4.3 Software was used. Approximately 100 pieces of each selected cell type were collected in separate adhesive caps (Zeiss, cat. # 415190-9191-000). All laser capture micro-dissected (LMD) samples were stored at −80 • C until nucleic acid isolation.
Nucleic acid isolation
Total RNA and DNA were isolated from the LMD samples using the AllPrep DNA/RNA Micro Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions for isolation of LMD samples. The samples were lysed in 350 μl of RLT Plus buffer, and total RNA was isolated by adding 350 μl of 100% ethanol to the DNA spin column flow-though. RNA was eluted in a volume of 12 μl RNasefree water. After the isolation, the RNA integrity was determined with the Agilent 2100 Bioanalyzer RNA 6000 Pico kit (Agilent, cat. # G2939A), according to the Agilent RNA 600 Pico Kit Quick Start guide instructions. The samples displayed an RNA integrity of 7.6 ± 0.6 (mean ± SD). The DNA concentration was quantified by using 10 μl of DNA with the Promega Quantus Fluorometer and the Promega QuantiFluor ONE dsDNA System (Promega, cat. # E4871), according to manufacturers' instructions.
Target gene selection
The target gene selection was based on a priori functional knowledge of specific genes in embryo-maternal communication and the maternal response to embryo elongation in cattle, pig, sheep, and mice. A PubMed database search with the following keywords was conducted: "embryo-maternal communication," "embryo elongation," "gene expression," "transcriptomics," "cattle," "pig," "sheep," and "mice." A set of 31 target genes was selected for the gene expression analysis. The target genes were subdivided into five functional categories, i.e., "steroidogenesis and hormone receptors," "IFNstimulated genes," "prostaglandin synthesis and receptors," "transporters," and "proliferation and tissue remodeling."
Primer design
Primers were designed for amplification of 31 roe deer-specific mRNA sequences. Conserved regions of Bos taurus, Equus caballus, Sus scrofa, Homo sapiens, Mus musculus, and Ovis aries were identified and selected using the Align Nucleotide Blast in the NCBI database. Given the relatively high evolutionary similarity between roe deer and cattle, the primer sequence was deduced from the Bos taurus sequence. The amplicons were sequenced and used for roe deer-specific primer design. Primers were designed with the NCBI Primer BLAST tool, and oligonucleotides were ordered from Microsynth (Balgach, Switzerland). The specificity of the primers was confirmed by gel electrophoresis and melting curve analysis within the Bio-Rad CFX Manager 30 software. The primer pair specifications can be found in Supplementary Table 1 .
Specific target amplification and real-time quantitative polymerase chain reaction
Due to the limited amount of available RNA for a downstream analysis, the total DNA was used to normalize the RNA input for the specific target amplification (STA) and subsequent polymerase chain reaction (PCR) (a high correlation was found between DNA and RNA concentration, and therefore this approach was considered as adequate). The CellsDirect One-Step qRT-PCR Kit (ThermoFisher Scientific, Waltham, MA, USA, cat. # 11753100) was used for targetspecific cDNA synthesis and STA, as described previously [21] , with minor modifications. The STA master mix was prepared by mixing 5 μl 2× Reaction Mix, 0.2 μl CellsDirect Enzyme Mix, 2.5 μl primer mix, 0.2 μl SUPERase• In RNase Inhibitor (20 U/μl) (ThermoFisher Scientific, Waltham, MA, USA, cat. # AM2694), and 1× TE buffer (ThermoFisher Scientific, Waltham, MA, USA, cat. # 12090015). Two microliters of equal amounts of RNA, corresponding to an input of 4.7 pg of DNA, were mixed with 8 μl of STA master mix. Reverse transcription was performed in a thermal cycler by incubation for 15 min at 50 • C, followed by 2 min incubation at 95 • C. Directly following reverse transcription, the STA was performed in a thermal cycler by 18 cycles of 15 s at 95 • C and 4 min at 60 • C. All the reactions were cleaned up from residual single-stranded DNA by treatment with an Exonuclease I master mix containing 0.8 μl Exonuclease I (20 U/μl) (ThermoFisher Scientific, Waltham, MA, USA, cat. # EN0581), 0.4 μl 10× Exonuclease I Reaction Buffer, and 2.8 μl nuclease-free water. The STA product was supplemented with 4 μl of Exonuclease I master mix and incubated at 37 • C for 15 min, followed by heat inactivation of the enzyme at 80 • C for 15 min. The cleaned-up STA samples were used for gene expression analysis using a Biomark HD instrument according to manufacturers' instructions and as described previously [22] . 
Progesterone receptor localization
Immunohistochemistry was performed with an indirect immunoperoxidase method [23, 24] . Tissue samples were formalin fixed, paraffin embedded, cut at 2-3 μm, dewaxed in xylol, and rehydrated in graded ethanol series. Antigen retrieval was performed with 10-mM citrate buffer at pH 6.0 in a microwave oven at 560 W for 15 min. Endogenous peroxidase was quenched with 0.3% H 2 O 2 in methanol for 30 min. The following buffer was used for equilibrating tissue sections: 0.8 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 2.68 mM KCl, 137 mM NaCl, and 0.3% Triton X, at pH 7.2-7.4. Nonspecific binding sites were blocked with 10% horse serum for 20 min at ambient temperature. The primary antibody was the mouse mAb against the human C-terminal PGR, clone 10A9, Immunotech, Hamburg, Germany (dilution 1:20), and the irrelevant mouse IgG (Vector Laboratories Vector Laboratories Inc., Burlingame, CA, USA) was used as isotype control (negative control) in the same protein concentration as the primary antibody. Antibodies were applied and incubated overnight at 4 • C. An additional negative control was included by omitting the primary antibody. The secondary antibody was the horse antimouse IgG BA-2000 (Vector Laboratories), which was 1:100 diluted, and samples were incubated for 30 min at ambient temperature. Signals were enhanced with the streptavidin-avidinperoxidase Vectastain ABC kit (Vector Laboratories), for 30 min at ambient temperature. Signals were detected with DAB+ substrate kit (Dako Schweiz, AG). Sections were counterstained with hematoxylin. The localization of PR staining was assessed and scored according to the staining intensity as "negative," "weak/sporadic," "medium," and "strong" in a blinded manner.
Data analysis
The Fluidigm Real-Time PCR Analysis Software was used for the quality control of the experiment and for product specificity validation. To allow for the analysis of genes with very low mRNA expression, a cut-off value of cycle of quantification (Cq) = 24 was set as limit of detection, and a Cq of 24 was assigned to genes where the expression was lower. The "bestkeeper" was calculated as geo-metrical mean of the Cq values of GAPDH, H3F3A, and YWHAZ and was found to be the most stable reference gene according to the geNorm algorithm in the GenEx6 software [25] . All data were normalized by calculating the Cq as Cq reference − Cq target plus an arbitrary unit of 15 to display positive digits. The mean expression values ± standard deviation can be found in Supplementary Table 2 . The normalized expression values were log 2 transformed, centered and a PCA plot and a heatmap were generated in R Studio [26] . The statistical analysis to identify DEG between the blastocyst and elongated stage within one specific cell type was performed on Cq values in IBM SPSS Statistics 23 using a T-test. Graphs of DEG were made in GraphPad Prism 7.02.
Results
Lack of interferon-tau signaling by the developing embryo
The roe deer uterine fluid IFNτ concentration was lower than the limit of detection (13 pg/ml) at both developmental stages (data not shown).
Cell-type-specific mRNA expression during embryo development
The different analyzed cell types are shown in Figure 1A . The heatmap ( Figure 1B ) based on fold changes between the two developmental stages (n = 3 for the blastocyst stage at diapause and n = 4 for the elongated embryos following diapause) showed a difference between the LE in both icar and car and the other cell types. The icar and car from whole tissue cluster together, and their expression pattern was largely similar to the icar and car STR and the icar GE. The DEG largely overlapped in the icar and car LE. The icar from the whole tissue uniquely showed differential expression of FGF1, MMP14, and MMP9. In addition, the icar STR was the only cell type displaying differential gene expression of SPARC and of TIMP2.
As shown in the PCA plot ( Figure 1C) , the cell-type-specific mRNA expression is apparent in the clear separation of different cell types. Irrespective of the developmental stage, the icar and car STR and the icar GE formed separate clusters. A developmental-stage dependent separation for both car and icar LE was observed. While nine DEG appeared in both icar and car LE, a lower expression of ESR1 and AKR1B1 was specific to the icar LE upon elongation, and a lower expression of CYP19A, PTGES, and ISG15, and a higher expression of CYP1A1 was specific to the car LE upon elongation ( Figure 1D ). DEG were evident in different functional categories, i.e., HSD11B1, CYP19A, CYP1A1, CYP1B1, PGR, and ESR1 in the category "Steroidogenesis and hormone receptors"; IRF2, MX1, and ISG15 in the category "IFN-stimulated genes"; AKR1B1 and PTGES in the category "prostaglandin synthesis and receptors"; SLC15A3 and SLC5A1 in the category "transporters"; and RBP4 and FGFR2 in the category "proliferation and tissue remodeling." Contrary to the LE, there were only two DEG in the icar GE (SLC15A3 and TIMP2) and one DEG in the icar STR (SPARC).
Developmental-stage-specific mRNA expression in the luminal epithelium
In the icar LE, genes involved in "steroidogenesis and hormone synthesis," i.e., HSD11B1, CYP1B1, PGR, and ESR1, displayed a developmental-specific expression ( Figure 2 ). HSD11B1 showed a 12.4-fold higher expression, whereas CYP1B1 showed a 4.1- fold, PGR a 11.1-fold, and ESR1 a 1.9-fold lower expression following embryo elongation. In the car LE, the expression of HSD11B1, CYP19A, CYP1A1, CYP1B1, and PGR was significantly different during diapause and following embryo elongation ( Figure  2) . HSD11B1 showed an 8.0-fold and CYP1A1 a 5.6-fold higher expression following embryo elongation. CYP19A, CYP1B1, and PGR showed a 12.1-, 3.4-, and 8.9-fold lower expression following embryo elongation, respectively.
Strikingly, the expression of classical IFN-stimulated genes was significantly lower in the icar LE upon roe deer embryo elongation; IRF2 (3.4-fold in icar and 2.5-fold in car LE), MX1 (6.3-fold in icar and 4.9-fold in car LE), and ISG15 (16.2-fold in car LE) ( Figure 2) .
The prostaglandin synthases AKR1B1 and PTGES were significantly lower abundant following elongation in the icar and car LE, respectively (Figure 3) . AKR1B1 was 17.3-fold lower expressed in the icar LE, whereas PTGES was 3.1-fold less abundant in the car LE.
The transporter SLC15A3 was significantly lower expressed in the LE upon elongation (10.7-fold in icar and 3.1-fold in car), and in addition, significantly higher expressed in the icar GE upon elongation (3.3-fold) (Figure 3 ). The transporter SLC5A1 was significantly lower expressed in the LE (42.1-fold in icar, and 21-fold in car) (Figure 3 ). Both genes that were involved in proliferation and tissue remodeling, i.e., RBP4 and FGFR2, were differentially expressed in the icar and car LE (Figure 3) . RBP4 was higher expressed in the icar LE (92.4-fold) and in the car LE (25.8-fold), whereas FGFR2 was lower expressed in the icar LE (11.1-fold) and in the car LE following embryo elongation (9.9-fold). 
Loss of the progesterone receptor in the luminal epithelium
Semiquantitative scoring of the PR in the LE, superficial glands, deep glands, stroma, myometrium, and vascular endothelium is shown in Table 1 . The staining was nuclear and scored according to the staining intensity as "negative," "weak/sporadic," "medium," and "strong." Irrespective of embryonic developmental stage or sampling date, the PR protein was present in the vascular epithelium. In only 2 out of 19 uterine samples, a weak/sporadic LE staining was observed. The abundance in the GE, STR, and myometrium decreased over time. The staining intensity was weak/sporadic to strong until December. Only three out of eight animals displayed a weak/sporadic to strong staining intensity in these respective cell types until the end of December. Representative pictures of four animals are shown in Figure 4 .
Discussion
In ruminants, embryo-derived IFNτ leads to the lack of oxytocin receptor (OXTR) up-regulation [19] . Thereby, IFNτ prevents luteolysis and facilitates MRP [19] . In cattle and sheep, the expression of IFN-stimulated genes is highly increased due to IFNτ expression by the ovoid embryo [1] . Moreover, infusion with IFNτ morpholino antisense oligonucleotides resulted in severely growth-retarded ovine conceptuses [27] . Opposing this MRP mechanism in the latter and other ruminants, a lower abundance of the classical IFN-stimulated genes IRF2, MX1, and ISG15 was observed in the roe deer in the presence of an elongated embryo. This finding is in line with the lack of minute amounts of IFNτ and the lack of any detected interferon in the antiviral assay [19] . Previously, it has been presumed that IFNτ accounts for the down-regulation of the ESR1 at day 16 of pregnancy in cattle [6] . We hypothesized that ESR1 was affected differently in roe deer lacking IFNτ and that further studies investigating the role of PGR down-regulation might reveal novel progestamedin signaling pathways. The immunohistochemical analysis of the uterine PR protein abundance subdivided the sample set into two distinct phases, i.e., September to December 2 and December 9 until 28. This suggest a sampling date dependency, which is potentially caused by prolonged P4 exposure. A loss of PR has been suggested to support embryo development and implantation [9] . In cattle, the loss of the PR protein in the LE and GE is observed from day 12/13 of the cycle and during pregnancy [5, 6] , whereas in pregnant sheep, this takes place from day 14 onward [7] . This might indicate that the loss of the LE PR in the roe deer takes place before diapause or is associated with the induction of diapause.
Our analysis allowed a novel explorative molecular analysis of cell-type-specific endometrial mRNA expression. The LE forms the initial embryo-maternal contact surface and constitutes the site for embryo implantation. These cells showed most DEG comparing the blastocyst and elongated embryo stages [28] . Both the LE and GE in sheep show a vast number of DEG between the blastocyst and elongated embryos in a developmental-stage dependent manner, i.e., from ovoid to elongated and fully elongated [3] . We suppose a likewise dynamical process in roe deer. With Table 1 . Semiquantitative scoring of progesterone receptor (PR) immunohistochemistry in the roe deer uterus. The color code ranging from white to dark blue indicates a negative, weak/sporadic, medium, and strong staining intensity adequate more numerous samples at hand, this hypothesis may be further substantiated.
HSD11B1, ESR1, PGR, SLC15A3 (in GE), AKR1B1, SLC5A1, and RBP4 showed mRNA expression changes in line with previously reported changes in cattle, sheep, mice, and humans. However, the IFN-stimulated genes IRF2, MX1, ISG15, PTGES, and FGFR2 did not follow the expected expression pattern as observed in other ruminants. The deviation in gene expression in roe deer endometrium versus other species might reflect a time-dependent and/or speciesdependent effect. The cortisone reductase HSD11B1 was higher abundant during elongation in the LE as reported earlier in sheep, where HSD11B1 has been shown to be involved in conceptus elongation [29] . We hypothesize that cortisone metabolism is involved in inducing and/or supporting embryo elongation. Furthermore, the slightly reduced, but relatively low, expression of aromatase (CYP19A) in car LE indicates little conversion of androgens to estrogens. Like in pigs, sheep, and cattle, both ESR1 and, most prominently, PGR were lost from the LE prior to embryo implantation [1, 5, 6] . The concept of progestamedins comprises the P4-mediated stimulation of stromal cells expressing the PR resulting in the expression of proteins that accomplish the action of P4 [8] . This concept may as well hold true for the roe deer.
The prostaglandin F2α synthases AKR1B1 and, to a lesser extent, prostaglandin E synthase (PTGES) transcript abundances were significantly lower in the presence of an elongated embryo. The expression of AKR1B1 has previously been shown to be reduced prior to embryo implantation in pigs, whereas the expression of PTGES was found to be significantly increased [30] . The abundance of PGE 2 and PGF 2α has previously been shown to be significantly increased prior to and upon embryo elongation in cattle [31] . Our findings might reflect the temporal difference in mRNA and prostaglandin abundance. Alternatively, the actual time point of prostaglandins playing a regulatory role prior to embryo elongation might have been overlooked by not including the endometrial samples of embryos right before elongation. By principle, the latter are not possible to collect at huntings.
The expression of SLC15A3 contradicts the expression profiles in sheep and cattle, where it is interesting to note that SLC15A3 in the icar GE followed the increase in expression upon elongation [1, 32] . It has previously been shown that (1) the expression of SLC15A3, a cotransporter of short chain peptides, which also exports histidine (His) from lysosomes [33] , increased prior to bovine embryo elongation [34] , and that (2) IFNτ can increase its expression [32] . It has been hypothesized that the increased expression of SLC15A3 may provide the developing embryo with His as source for protein synthesis [32] . Even though the down-regulation of SLC15A3 expression in the LE would contradict this hypothesis in roe deer, the increased expression in the GE would support the idea that more uterine fluid His would fulfil the embryonic amino acid demands. The apical glucose transporter SLC5A1 has been shown to be increased in sheep following IFNτ stimulation, an effect that was diminished by infusion of a prostaglandin synthase inhibitor [35] . The lack of IFNτ in roe deer might explain the decrease in SLC5A1 upon elongation. In addition, a gradual decrease in both mRNA and protein abundance in sheep from day 12 of pregnancy and onward has previously been reported [36] , which is in line with the observed decrease in the current study. We hypothesize that a decrease in expression of SLC5A1 takes place prior to elongation, where the embryo has an increased demand of glucose. The latter has been determined earlier in the uterine fluid of developing roe deer embryos [14] .
In line with a previously reported up-regulation of RBP4 in pigs [37] , RBP4 was found to be significantly more abundant in the roe deer endometrium at elongation than during diapause. In cattle, the intrauterine administration of IFNτ diminishes the expression of uterine RBP4 [38] , potentially indicating an IFNτdependent RBP4 expression. In humans, RBP4 was significantly up-regulated during decidualization of the stroma cells [39] , implying an important role for RBP4 during embryo implantation. The expression of roe deer FGFR2 was significantly less at elongation, contradicting findings in preimplantation pig and cattle endometrium [40, 41] . Previously, the activation of FGFR2 by FGF2 has been shown to activate the PI3K/AKT pathway. This promotes LE cell proliferation, which may enhance uterine receptivity and placentation [40] . In addition, loss of FGFR2 in mice has been implicated in peri-implantation pregnancy loss [42] , stressing its importance during the implantation process. The biological function of a down-regulation in roe deer prior to implantation remains to be elucidated.
In conclusion, our data show that the roe deer endometrium, particularly the LE, senses the presence of the elongated embryo. The low endometrial aromatase mRNA expression (CYP19A) is indicative of low estrogen synthesis not only during diapause but also after elongation. We propose that the uterine loss of PR as well as the presence of prostaglandins, amino acids, and RBP4 potentially play important roles in embryo elongation, the receptivity of the endometrium, as well as preparation for implantation. The roe deer offers the opportunity to further investigate the embryo-maternal interaction on a high scale time resolution by transcriptome analyses as a model that is devoid of IFNτ , and in which early embryo development is particularly slow and decoupled from embryo elongation by embryonic diapause.
